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sented that is able to model progressive separation of the skin and stringer in stiffened CFRP panels under compression. The main goal of this methodology is to examine skin-stringer debonding at two levels of accuracy, taking advantage of the fast calculations at the global level and assessing in detail the damage propagation at the local level. First, critical areas are defined in a global model with a standard mesh, and local models with a considerably finer mesh are created by means of a submodeling technique. Secondly, a local model analysis is conducted, in which cohesive elements are applied to simulate debonding. Particularly important is the appropriate information exchange in both directions between the different steps of the coupling analysis. Averaged degraded properties are defined at the local model level and transferred back to the global level. The applied compressive load is increased and induces a progression in skin-stringer separation. The global-local coupling loops are repeated until panel failure occurs. The approach is applied to a case of a representative one-stringer stiffened panel and to a stiffened panel for which test results are available. A
Introduction
Fiber-reinforced composites and in particular laminated stiffened composite panels are widely used in aircraft design. The reason of the extensive use of composite structures is their remarkable material properties, such as high strength and stiffness to weight ratio. The desire to exploit the advantages of For this reason, an efficient and reliable progressive failure analysis method is required in order to examine the damage response, such as damage initiation and evolution, and to determine the final failure load. One of the common failure 10 modes of laminated composite panels is skin-stringer debonding due to relatively low interface strengths. In the current work, the separation between skin and stiffener foot is modelled and investigated by means of a two-way global-local loose coupling approach.
Debonding and delamination modelling 15
Delamination and skin-stringer separation in particular is one of the main failure mechanisms of laminated composite structures, together with fibre fracture and matrix cracking. The reason for delamination initiation and propagation is the relatively small interlaminar strength of adjacent plies. Delamination can take place under various combinations of loads and leads to a significant 20 reduction of the load-carrying capacity of the structure. Delamination is commonly modelled numerically by the Virtual Crack Closure Technique (VCCT) or by means of cohesive interface elements.
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The VCCT is based on fracture mechanics and the assumption of Irwin that the energy released during the crack extension is equal to the work required to 25 close this crack back to its original length. For the details refer to [2] and [3] .
The main drawback of the VCCT is that the crack initiation zone, which could be difficult to predict in case of large and complex structures, should be known in advance.
Cohesive Zone Modelling (CZM) is another approach based on an assump- 30 tion for the softening region in front of the crack front, that is kept together by the tractions. This idea goes back to Dugdale [4] and Barenblatt [5] . The method of Hillerborg [6] lies at the origin of cohesive elements, considering both crack growth and predicting the crack initiation, which occurs when the tensile stress at the crack tip reaches the tensile strength. Interface elements based on the CZM rely on the traction-separation law that is formulated in terms of the traction versus displacement jumps at the interface of potential crack. The most common assumption is that initially linear behaviour until the stress reaches tensile strength σ max for pure mode loading is followed by the softening region until the final separation of the crack surfaces, 40 see Fig. 1 . Different shapes of the degradation curve have been proposed in 3 literature -linear, exponential or trapezoidal [7] . In the present studies, the initial stiffness has been chosen equal to 10 6 N/mm following recommendation of Davila et al. [7] . However, it should be mentioned that some authors prefer to define stiffness value based on material properties and parameters, see modelled with shell elements and rigid bars were utilized to tie skin and stringer with debonding being modelled based on fracture mechanics. Falzon et al. [22] presented experimental results for three stiffened panels under compression investigating crack propagation through the skin-stiffener interface. the local models allowing for determination of delamination onset and growth.
Local models created by means of submodeling procedure had a pre-determined size and local analysis was performed five times moving the local model along the stringer.
Orifici et al. [31] proposed a global-local methodology that could be regarded integration of this algorithm to an Abaqus/Explicit was carried out.
Objectives
A two-way loose coupling approach was developed earlier to simulate the post-buckling progressive failure behaviour of a panel-type structure with intralaminar damage in an efficient way [23] , [33] . In these earlier works, the 
Analysis Methodology
The two-way loose coupling procedure for modelling skin-stringer separation of a stiffened panel is described below in details. The procedure starts with a requirements. Initial stiffness of interface elements is specified based on the following relation:
where E is the Young's modulus of an adhesive layer, A and t are in-plane nodal and internal nodal areas that are tied by connector elements:
where F i is a nodal force, A el determines a nodal area of applied force and here represented as a sum of one quarter of each element area tied to that node. Afterwards, the critical areas are examined during the next step -local analysis where separate local models are created. Solid elements are utilized to model the skin and the stringer and cohesive elements for the interface area between them. Fine mesh discretization is used for these local models. Nodal displacements from the global model are transferred to the selected boundary 225 nodes of the local model as kinematic constraints by the means of the Abaqus shell-to-solid submodeling procedure [34] .
The quadratic stress criterion is chosen to predict initiation of debonding in the local model:
Here < . . . > represents McCauley brackets operator used here to recog-230 nise that compression is generally not involved in interface separation. σ n is a stress in the normal through-thickness direction, σ s and σ t are nominal stresses acting in the first and second shear directions and N max , S max , T max are the corresponding strengths.
Delamination propagation under mixed-mode loading could be traced by 235 means of the Benzeggagh and Kenane criterion [35] extended to three dimensional case:
where G IC and G IIC are mode I and II fracture toughness and G I , G II , G III are single mode energy release rates corresponding to fracture modes I, II and III and their sum is the total energy release rate. The parameter η is determined 240 empirically, assumed to be 2.284 in the current studies [8] .
A scalar damage variable d is utilized to identify the damage state. It varies from 0 when there is no damage to 1 when the interface connection is fully failed. Camanho and Davila[12] suggested the following damage variable for monotonic loading:
where d is the damage variable, δ is the current maximum relative displacement, δ init corresponds to the displacement of the delamination beginning and δ f ail is the displacement of the complete failure.
The stiffness of the cohesive element used in linear traction-separation law is defined following Camanho and Davila [12] :
where K 0 is the initial penalty stiffness that is degraded after displacement δ reaches the value of δ init and becomes 0 when the crack opening is equal to should be applied. First of all, an averaged local stiffness is calculated for each area that corresponds to one connector element:
where K local,0 is the initial stiffness of a cohesive element, i denotes one of N local cohesive elements and d i is the corresponding damage variable. Hence, to obtain an averaged local stiffness that conforms to one connector element
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at the global level, initial stiffness should be multiplied by the coefficient that stems from the averaged value of damage variables. This multiplication factor is utilized to obtain degraded stiffness of each particular connector element at the global level and ensure transfer of information of the damaged state from local to global level.
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With new reduced global properties for connector elements, the global analysis is performed again applying initial stiffness in the interface area until the increment when the damage was predicted. Starting at that increment new degraded properties are utilized for each connector element. These coupling steps are repeated until convergence in reaction forces in the direction of the 275 applied load is reached. In our case, the reaction force from global analysis is also compared to the reaction force of the reference solid model.
The flowchart of the two-way coupling procedure for the skin-stringer debonding along with information exchange between global and local levels of analyses is presented in Fig. 3 .
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Hence, the coupling loop consists of three major operations that are repeated iteratively at two levels of accuracy until the final collapse is determined:
1. Global analysis to evaluate the areas of a probable damage and to define local models geometry. Tables 1 and 2 respectively. These values were taken from the academic application suggested by [23] . 
Stiffness properties Value
Young's modulus in 1-direction, E 11 (GPa) 146.5
Young's modulus in 2-direction, E 22 (GPa) 9.7
Shear modulus in 12-plane, G 12 (GPa) 5.1
Poisson's ratio, ν 12 0.28
Young's modulus of adhesive, E glue (GPa) 3.0
Poisson's ratio of adhesive ν glue 0.4 
Global model: linear elasticity
The global model, which is referred to a model with a coarse mesh from After local numerical analysis is terminated, the degraded damage variables 
Local-global transition
The difference in mesh size between the global and local model requires the implementation of an averaging procedure, see Eq. 7, to determine the equivalent reduced global stiffness of interface elements. Afterwards, a mapping 370 technique is applied to map each global connector element to the area of local cohesive elements and thereby the degraded stiffness of this connector element is determined. This is realized in a Matlab procedure using the coordinates of the elements. 
Cohesive element properties Value
Interface element stiffness before the damage onset, K (N/mm 3 ) 10 
Coupling results
The coupling procedure is carried out through six coupling loops, each of The damage evolution in connector elements in the global model for six coupling loops is illustrated in Fig. 9 . During the simulation process the first area of probable skin-stringer separation is detected by the quadratic stress criterion, see Eq. 3, at the prescribed displacement of 0.56 mm. At this applied 405 displacement, damage takes place at free edges on both longitudinal sides of the panel, see Fig. 10a . Two local models are created for these critical regions. The coupling loop is repeated until the convergence at the global level is reached. The skin-stringer debonding onset predicted at the global level is confirmed by the is that this approach is slightly faster and is assumed to be sufficienly accurate.
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The fifth coupling loop has prescribed displacement of 0.67 mm and demonstrates damage evolution within the sizes of local models identified previously.
Finally, in the sixth coupling loop the prescribed displacement reaches 0.82 mm.
This final displacement increase results in an rapid propagation of the damage through the interface, followed by almost full deletion of cohesive elements in 430 the local models and in total stiffness reduction of the whole structure. Consequently, the final failure of the stiffened panel is attained which is regarded as the logical end for the coupling procedure.
Global, local and reference models analyses were carried out under the same A comparison between reference model and local models degradation is shown in Fig. 11 for coupling loops 1 to 6. In Table 5 pression is reported to be around 0.7%. The latter conclusion demonstrates the 27 capability of the global-local approach to simulate full 3D behaviour with regard to a reliable prediction of skin-stringer debonding initiation, evolution and final collapse.
Validation with experimental results

485
In this section, the applicability of the global-local approach to a real stiff- Tables 6 and 7 respectively with descriptions used by Orifici et.
495 [31] . The panel was manufactured with IM7/8552 UD material for the skin and stringer, whereas for the adhesive layer FM 300 was utilized. In the previous section the interface properties were taken for this material also from [31] , refer to Table 3 for details.
Global model: linear elasticity
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The shell global model is created similarly to the aforementioned benchmark panel. After a preliminary mesh convergence studies, the in-plane size length of 4 mm is determined, which resulted in 2800 conventional shell elements (S4R in Abaqus) and 909 connector elements tying the opposite lying nodes of the skin and stringer surfaces. The first eigenmode is utilized as an initial geomet-505 ric imperfection to perturb the panel in a postbuckling regime similar to the one described in [31] . The following boundary conditions are applied: (1) one transverse edge is fully restrained denoted as clamped end, (2) the opposite edge is restricted to move in any direction except longitudinal and correspond 
Stiffness properties Value
Young's modulus in 1-direction, E 11 (GPa) 147
Young's modulus in 2-direction, E 22 (GPa) 11.8
Shear modulus in 12-plane, G 12 (GPa) 6
Shear modulus in 31-plane, G 31 (GPa) 6
Shear modulus in 23-plane, G 23 (GPa) 4
Poisson's ratio, ν 12 0.3 29 
Coupling results
Global-local analysis has been conducted through four coupling loops with consequent increase of the prescribed displacement up to the following values: 14. Two local models are created for these regions respectively to examine the debonding evolution in details, see Fig. 15 . A determination of global regions that are prone to debonding is proved by both local analyses demonstrating a damage onset and growth in cohesive elements. It is important to mention that 535 the size of local models is selected appropriately, as they both cover not only distorted cohesive elements, but also undamaged ones. The damage starts from the preliminary debonded areas and propagates further along the pre-debonded edge before growing in the longitudinal directions.
The obtained damage evolution path fully corresponds to the experimental re-540 sults reported in [31] . The full debonded length in global-local analysis increased from 80 mm to 120 mm. As it was reported in [31] , the debonding attained the value of 165 mm, though it was also stated that the fibre fracture could interact with debonding in this case and may influence the difference at the final loads.
Load-displacement curves are shown in Fig. 16 for global-local coupling local analysis, though since no intralaminar damage was considered, the final collapse could not be attained. That is why the procedure was finished after the prescribed load of 2.0 mm. It is important to note that the global-local approach provides an accurate prediction of the structural behaviour during 555 onset and evolution of the debonding in terms of damage location and stiffness reduction.
Conclusion
A novel two-way coupling global-local finite element approach for skin-stringer separation of stiffened composite panels has been developed. The method is 
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The applicability of the global-local approach was also validated through a
comparison with results of a T-stringer panel with an initial debond, previously tested experimentally in [36] . Reasonably good agreement between coupling analysis and experimental results has been demonstrated until the final collapse.
As expected, damage started in the area of the initial debonding and propagated 580 further, leading to an increase of skin-stringer separation. However, the smaller regions of debonding predicted in the numerical simulations might be related to the damage modes considered. Intralaminar damage (matrix and fibre damage)
were not accounted for in the analyses presented.
The global-local approach developed shows the possibility to establish an 585 effective and efficient procedure for the modelling of skin-stiffener debonding in stiffened composite panels. This global-local technique can be combined with procedures for interlaminar and intralaminar damage of laminates to model the progressive failure of composite panels considering various failure modes.
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